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Abstract

STUDIES INTO THE MECHANISM OF A PHOTOCHEMICAL HYDROGEN
ABSTRACTION REACTION AND A PHOTOVOLTAIC EFFECT

by
Michael H., Zudiker

Adviser: Professor Adam leller

The isotope effect in the photochemical hydrogen abstrac-
tion reaction of benzophenone with benzhydrol is shown to
have at least some temperature dependence between 8° and 58°C.
Although this dependence may be due to factors inherent only
within this system, it may also be due to differences in zero
point energies. It is, therefore, not possible to determine
the extent to which this effect is controlled by differences
in vibrational frequencies.

The photovoltaic effect exhibited by potassium octa-
cyanomolybdate :is shown to bhe due to a hydrolysis rather
than an electron photoejection reaction. Polarographic
studies show that two intermediates are produced simulta--
neously during initial irradiation. It is postulated that
these are isomeric forms of Mo(CN)§3. Although limited by
its speed of response, poloragraphy is shown to be a useful

tool in distinguishing intermediates with similar absorption

spectrxa.
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PART 1

TEMPERATURE STUDY OF A PHOTOCHEMICAL
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CHAPTER I

INTRODUCTION

Theories of Radiationless Transitions
Related to Isotope Effects

Introduction

Deuteration of organic molecules in certain systems
increases the lifetime of excited states. Upon deuteration,
the phosphorescent lifetime of naphthalene increases from
2.3 seconds to 22.0 secondsl; benzene from 7.0 seconds to
26.0 secondéz. Deuteration also decreases the rate of
photochemical reduction reactions, producing a primary
isotope effect. Moore & Ketchum3 found an isotope effect
of 2.7 in the photoreduction of benzophenone by benzhydrol
and benzhydrol-dl. Coulson and Yang4 found the triplet
lifetime of 2-hexanone to increase 2.3 times with substi-
tution of one deuterium at the 5 position, 7.0 times with
two deuteriums at this position. Yang5 found an isotope
effect of 2.8 from 25° to 202°C for the quenching of
Hg (3Pl) by C3H8 and CH3CDZCH3.

The various theories of radiationless decay of
excited states give an explanation of these phenomena. At
the same time the results predicted by these theories have

yet to be tested.

Radiationless decay occurs as a result of transitions
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from one excited state in a molecule to another or from the
transfer of electronic energy from one molecule to another,

without the emission of light.

Robinson and Frosch Theory6

Robinson and Frosch considered the coupling of a
nonstationary initial state, ¥', and a degenerate final
state, ¥''. The initial state is in its lowest vibrational
level. The final state is made degenerate with the initial
state by the inclusion of the vibrational energy levels.
For example, the initial state can be an excited singlet
with the final state being a triplet. The triplet is made
isoenergetic with the singlet by addition of higher vibra-
tional levels. The perturbation, H', arises from coulombic
interactions of the electrons and nuclei of the system.

The energy of coupling, Bn’ between the initial state and
the final state can be determined by the following
relationship:

(1) B, = <y'|H'|Y''>

The Born-Oppenheimer approximation considers the
interaction between electronic and nuclear motion to be
independent. In effect, these motions can be considered
two mutually independent oscillators, one of high frequency,
one of low. Using this approximation Bn can be divided
into two parts. One consists of the electronic interaction

Bel’ the other the nuclear interaction,
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(2) B, = 841 <¢n"lq>'>
The integral, <¢n"|¢'>, is the vibrational
Franck—-Condon overlap integral. It measures the degree of

overlap between the vibrational eigenfunctions of two
electronic states. Figure 1 shows the vibrational overlap
between the lowest excited singlet at the J = 0 level, a
triplet state and the ground state. For efficient energy
transfer to occur the J = 3 vibrational level of the trip-
let and the J = 10 state of the ground state must be con-
sidered. Since oscillations around the energy level
increase as J increases, the net result is zero overlap
with the ground state and at least some overlap from the
triplet state.

The radiationless transition per unit time, w(t)/t,
is given by equation 3 where o is the energy of indirect
coupling between the two states and all other states
including the solvent.

(3) w(t) 2mB
t )l ofi

elZ(d)n' ' lq)l>2

Siebrand 'I'heory7

Siebrand considered the Franck-Condon factors asso-
ciated with the Robinson-Frosch Theory. An empirical
relationship was presented for the rate of radiationless
transitions from an excited triplet to ground state singlet

for an aromatic hydrocarbon ;:
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Fig. l.--Franck-Condon Vibrational Overlap
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(4) Log K = Log K, - £ (E—Eo/n)
where K., is the radiationless rate constant for all aro-
matic hydrocarbons, K is the radiationless rate constant
for Tl+So, E is the difference in energy levels, Eo is
4000cm—lfor an aromatic C-H bond and 5500cm"l for an aro-
matic C-D bond,and n = NH/NH+NC, where N, is the number of
atoms of type i in the molecule. In order for reasonable
correlation with experimental data, corrections had to be
made in this relationship. These included the inclusion of
the stretching frequency of either the C-H or C-D bonds and
the consideration that these vibrations are anharmonic

rather than harmonic oscillators.

other Theories

Lin8 extended Robinson's theory by including a
Boltzman distribution of initial vibronic states rather
than just the lowest vibrational level. Kasha9 and
Jortner10 independently considered that radiationless tran-
sitions are caused by a breakdown in the Born-Oppenheimer
approximation for vibronic states similar in energy.

Recent workers have considered radiationless tran-
sitions in an isolated molecule with no interaction from
the environment. Henry and Siebrandll considered the per-
turbation to be spin~orbit coupling as well as nuclear
momentum. Three classes of radiationless transitions can

then be considered. The first is radiationless transitions
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due to spin-orbit coupling. The second is due to spin-
orbit plus vibronic coupling and the third is due to spin-
orbit and non Born-Oppenheimer coupling. In all three
cases, the Frank-Condon overlap integrals can be factored
out, but in the second and third cases, vibrational fre-
quency factors are also included in the electronic wave-
function. This leads to the conclusion that stretching and
bending vibrations are responsible for both the promotion
and acceptance of energy. Deuteration affects the rate of
transitions by decreasing the extent of vibronic coupling.
The position of the deuterium on the molecule will, there-
fore, affect the degree of coupling and the nonradiative
lifetime. However, in the case of aromatic carbon com-
pounds, whose lowest state is ww*, the decreased rate of
radiationless transitions upon deuteration results

primarily from decreased Franck-Condon overlaplz.

Benzene Studies-~Isolated Moleculel3_19

The most studied isolated molecule has been benzene
vapor at low pressure. Rates of radiationless and radi-
ative transitions have been measured from as many as
twenty-two individual vibronic states in the molecule and
it has been found that rates of intersystem crossing
increase as the excess vibrational energy in the excited

13-19

state is increased . Spears and Rice13 have shown

that low frequency out of plane vibrational modes have
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shorter nonradiative lifetimes than symmetric vibrations.
They also found certain vibronic states in which direct
photochemical reaction seemed to occur. Heller, Freed, and
Gelbart19 studied the rates of nonradiative transitions in
a vibronic level relative to the rates of the lowest
vibronic level of that mode. They found that for systems
in which the energy separation is large between the lowest
singlet and triplet and vibronic coupling is weak:

1. As the excess excitation energy increases, C~C
modes become more efficient in competing for the energy.

2. With C-D modes present, C-C modes become more

efficient in competing for the energy.

3. When the frequency difference (dv = vt— vS)
between acceptor and donor modes is positive. The
relative rate will increase with increasing excess energy.
The opposite is true of §v<O0.

4. TFor acceptor modes, the most efficient are those
that contain geometric or frequency changes and maximum

vibrational frequencies. In benzene the C-H modes have

both a geometric change and large vibrational frequency.

Other Explanationszo_24

Certain effects occur on deuteration that cannot be
explained by the general theories of radiationless transi-
tions. Johnson and Ziegler20 found that the isotope effect

on the triplet lifetime of benzene in an argon matrix at
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20°K is due to the effect C-D vibrations have on radiative
rather than nonradiative transitions. Gelbart, Freed, and
Rice21 explain the nonexistence of an isotope effect on the
isomerization of stilbenes as the result of energy transfer
to torsional rather than vibrational modes. The inverse
isotope effect on the lifetimes of some aromatic hydro-
carbons has been explained by Scharf and Silbey22 as the
result of the coupling of the excited singlet with a higher
triplet state. Fischer23 ascribed the same phenomenon to a
crossing of a hypersurface with the lowest triplet. The
inverse effect would then be due to differences in zero
point energy of the C-H and C-D bonds causing a greater

overlap for C-D vibrations. The latter theory explains the

temperature dependence of the isotope effect for anthracene

24

from 77°K-420°K found by Lin and Bhattacharjee but does

not explain the magnitude of the effect.

Heller Theory25

Heller extended these theories qualitatively to
include photochemical hydrogen abstraction reactions. His
proposed model was summarized in four rules.

1. "The lower the dissociation energy of the reac-
tive bond or the larger the anharmonicity of the stretching
vibration association with it, the higher the photochemical
reactivity." The anharmonicity factor increases the over-

lap of the vibrational functions. In addition, it permits
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vibrational transitions greater than dv:l to occur.

2. "The lower the density of hydrogen atoms in the
environment of the reactive system, the higher the photo-
chemical quantum yield." The greater the number of vibra-
tional modes the greater will be the competition from these
modes for the electronic energy.

3. "The closer the center of electronic excitation
and the reactive bond, the higher the photochemical activ-
ity." The interaction decreases with the sixth power of
the distance between donor and acceptor.

4. "The most reactive bonds are those that have
high vibrational frequencies." Since radiationless relaxa-
tion depends on the overlap of vibrational orbitals, the
higher the vibrational frequency of the acceptor, the lower
the vibrational orbital needed to accept the energy and the
greater the possible overlap with the donor vibrational
level. A C~-D bond will be less reactive than a C-H bond
since its vibrational frequency is 0.7 times smaller.

5. 8Since these overlap integrals are not tempera-
ture dependent, an isotope effect, kH/kU for an abstraction

reaction would be temperature independent.
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Zero Point Energy Isotope
Effect-Theory

Introduction26

An isotope effect can also be caused by the differ-
ence in zero point energies between carbon-hydrogen and
carbon-deuterium vibrations rather th%n by the difference
in their vibrational frequency. The zero point energy is
related to the frequency of vibration with the latter being
dependent on the masses of the atoms and on the force con-
stant between the atoms.

The vibrational frequency is determined by the £fol-

lowing relationship

= 1/2
(5) v = o1 (k)

where ¢ is the speed of light, k is the force constant and

U is the reduced mass (approximately equal to 1 for hydrogen

and 2 for deuterium).
- 172 _
(6) vH/vD = (MD/MH) = 1.4

Since the zero point energy is equal to 1/2hv the zero

point energy for C-H will be 1.15 Kcal higher in energy

than for C-D.

First Approximation26

In the first approximation, it is assumed that only
the C-H bond will be broken during reaction, resulting in

an activated complex containing no zero point energy
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difference. Consequently, there would be a larger activa-
tion energy and a slower rate of reaction for a C-D bond as
compared to a C-H. The ratio of the rates of reaction is
given by equation 7 while Table 1 shows the changes in iso-
tope effect values for a C-H vibration from 0° to 500°

using this equation.
h(v, ~v.)/2kT
_ H D
(7) kH/kD

Absolute Rate Theory27

A more refined explanaticn of the isotope effect can
be found by use of absolute rate theory. Equation 8 gives
the expression for the absolute rate of the reaction where
the expression in brackets accounts for tunneling effects,

A+B . . . "'M:t+N

(8) Rate = [1- 2];;(h\) i) ]K——Kt%ﬁi[?]..-. 2% . . .
k is the transmission coefficient or the fraction of effi-
cient transitions across the barrier, vLi is the vibrational
frequency across the reaction pathway, o is the activity
coefficient, and k¥ is an equilibrium constant, equal to

the ratio of the partition function of the transition state,

Q°*, to that of the reactants, Q° (Equation 9).

(9) k¥ = got/qQe
The partition function, 0°* and Q°, consist of the

product of partion functions for translational, rotational,
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TABLE 126

ISOTOPE EFFECT VALUES FOR C-H VIBRATIONS

22

th-th T°C kH/kD
1150 0 8.3
25 6.9
100 4.7
200 3.4
300 2.7
500 2.1
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and vibrational motion. These three functions are given in
equations 10, 11, and 12 respectively, where h, k, and T
have their usual meaning, M is the molecular mass, A, B,

and C are the moments of intertia , and vy is the frequency

of vibration.

3/2
_ (2mMkT)
(10) Qerans = h3
_ 8ﬂ2(8ﬂ3ABC1/2(kT)3/2
(11) Qrot - h3
-1/2hv, /kT,.__-hv, /kT, -1
(12) 0 . - lle i (l-e 1477)

vib i

In determining the extent of an isotope effect, it
is first assumed that differences in tunneling, activity
coefficient, and transmission coefficient between isotopic
species are negligible. This results in the isotope effect
being determined by the ratio of equilibrium constants for
the two isotopic species; consequently kH/kD can be deter-
mined by a ratio of partition functions.

(13)  ky/ky = kikd = ooks0ef x @ /00y

The next assumption made is that the bond cleaved is
that stretching vibrational mode which corresponds to the
aperiodic motion along the reaction coordinate. This
vibrational energy is converted to translational energy.
This results in the activated complex having one less
vibrational mode than the reactants. The resulting expres-

sion for the isotope effect is given in equation 14, where
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¥ has replaced hv/kT, n is the number of atoms in the

+ R - o
My MD)3/2 AyByuCy . ADBDCD)

U I I A T T
p My pPp’p  PuPrCy

-u -

3n-7 ,__ "H 3n-6 ,__ "H

x §p e g lme 4

-1 —

1-e D 1-e P

ant-7 3n-6

X exp {-1/21 E(ué-u;)- E(uH—uD)]}

ground state and n* is the number in the excited state.

Several assumptions are then made. The first of
these is that differences in molecular mass and moments of
inertia between ground and transition state or between dif-
ferent isotopic species is negligible and, therefore, the
first two factors in equation 14 are approximately equal to
one. Then, since the factor e " is negligibly small com~
pared to one, the same can be assumed for the first segment
of vibrational factors. This leaves the remaining vibra-
tional factor as the cause of the isotope effect.

3ni-7 ot 3n-6
(15) ky/kp = exp {-1/2[ & (Hg=up) =Z (ug-up) 11

The interesting point of this expression is that it
relates the isotope effect to differences in zero point
energy in both the ground and transition state. At no

point is the activation energy considered.
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It is is now assumed that the interaction between
the decomposing molecule and all other molecules is weak
so that the transition state contains no three-centered
complex, the values of n and ni are equal, and all vibra-
tional factors will cancel except for the extra vibrational
mode found in the ground state. The resulting expression
for the isotope effect is the exact equivalent of that
given in equation 7.

hv hv

(16)  ky/k = exp {1/2[z=" ~ =21}

Three Centered Transition State

It should be stated at this point that the isotope
effect values calculated by use of equation 16 and shown in
Table 1 are the result of a great number of assumptions and
approximations and can only be looked upon as being the
maximum obtainable value. Although many reactions exhibit
isotope effects which approach these values, many other
reactions have isotope effects far below them. A probably
reason for these discrepancies is the assumption of a two-
centered transition state with no effect from other react-
ing molecules. This is certainly not the case in many
hydrogen abstraction and SN2 reactions.

In the two-centered approximation, the molecule con-
tained one linear vibration, an aperiodic mode along the

reaction coordinate. This vibration was lost in the
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transition state with a resulting isotope effect. Using
the three-~centered approach there are two possible linear
modes. One of these modes will be lost in the transition
state while the remaining mode may or may not have a zero
point energy difference. If the two heavy atoms, X and Y,
are the same, the aperiodic motion along the reaction coor=
dinate corresponds to the mode shown in Figure 2a. The
periodic motion which remains corresponds to that in

Figure 2b in which there is little or no vibration of the
central atom relative to X and Y. Substitution of deute-
rium for hydrogen will result in no zero point energy dif-
ference in the transition state and a normal isotope
effect. If, however, X and Y are different atoms or if
their force constants with hydrogen are different, the
central atom will exhibit some vibration. This will have
the effect of producing a zero point energy difference in
the transition state and decreasing the isotope effect.

The extent of the decrease in isotope effect will depend on
the degree of vibration of the central atom.

As stated earlier, an isotope effect due to differ-
ence in vibrational frequency will be temperature indepen-
dent since the Franck-Condon overlap integral are not
temperature dependent. However, an isotope effect due to
difference in zero point energy would have a temperature

dependence determined by equation 16.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



27

@ —— —— —— 490

(b)

H——-—h————d

Fig. 2.--Normal vibrational modes for a three-cen-
tered transition state.
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The System Studied--Ketone Photoreduction

Introduction

In order to test Heller's proposal that the isotope
effect arising from a difference in the vibrational energy
of a C-H compared to C~D bond in a photochemical reduction
reaction is temperature independent, a system was selected
that had been well studied and in which the photochemical

and photophysical pathways were understood.

Ketone photoreduction is such a reaction. The car-
bonyl group upon excitation with light abstracts a hydrogen
atom from an appropriate source to form a hydroxy group and

a carbonyl radical. The reaction can occur with diaryl

ketone529—32, aryl-alkyl ketone529—3l’33, and dialkyl

ketones??r 31r 34736 19 can be intramolecular if a y

hydrogen is present in the molecule37-4l. The reactive

excited state can be either a singlet or triplet3l’32'37,
but must be a nn* in nature42"52. The proton source can be

an alcohol30’53’55'94, hydrocarbon54’55, amine56-58, ethersg,

or aromaticGO’Gl.

Benzophenone--Photophysical Studies

The most studied case of ketone photoreduction is
that of benzophenone42'50'53’59. The energies of the low-
est excited states of benzophenone have been measured by
many techniques including singlet-singlet absorption,

singlet-triplet absorption, phosphorescence lifetimes, and
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phosphorescence excitation. Table 2 shows the energies

determined for the lowest excited singlet and triplet for

this molecule. The singlet energy is between 26,000 cm“l

1 and the triplet energy is between

and 27,300 em
24,000 cm_l and 24,800 cm_l depending on the medium. The

singlet-triplet energy difference is therefore about

2,000 cm~l.

The singlet state does not exhibit appreciable fluo-
rescence70, ¢f = 10-5, but has been determined to be an nmu¥
transition by its absorption shifts with various polar and
nonpolar solvents, its vibrational fine structure, its low
extinction coefficient, and its similarity to nmn* absorp-
tion in similar compoundsso. The low fluorescence yield
has been shown to be due to efficient intersystem crossing
from singlet to triplet7l—74. A low yield of delayed fluo-

rescence has been found in carbon tetrachloride solution

at 298°K’°.

The triplet state is known to be nw* character by
its short lifetime, vibrational fine structure, solvent
effects, and lack of phosphorescence enhancement with the
addition of heavy atoms42'43’68. Phosphorescence is exhib-
ited in the crystalline state, in glass matrices and in
certain solutions such as perfluoremethylcyclohexane, ben-

zene, carbon tetrachloride, and isooctane at room tempera-

ture. The lifetime has been determined by phosphorescence

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ENERGIES OF THE FIRST EXCITED SINGLET AND

TABLE 2

TRIPLET STATES OF BENZOPHENONE

30

Energy Energy
of of
Singlet Triplet Solvent Method Reference
24,400 Liquid T-T 62
Paraffin
26,400 24,265 Hexane S-S 63
T-T
26,500 Crystal S-S
24,185 EPA phos.
26,000 24,200 EAX phos. 64
23,860 Pet. phos. 65
Ether
24,300 EPA phos. 66
23,800 Crystal phos.
24,195 Crystal phos. 67
27,300 EPA s-T 42
27,027 MC** S=T
24,213 EPA phos.
23,981 MC phos.
24,814 EPA S-T

*Ethanol + Diethyl ether glass

**Ma@thylcyclohexane glass
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TABLE 2--Continued

31

Energy Energy
of of

Singlet Triplet Solvent Method Reference

27,000 EPA S-S 50
24,250 EPA phos

27,000 24,800 EET*** s~S 68

s-T

24,210 EPA phos. 69
24,660 PMMA** &% phos.
23,980 PE***®%% phos.
24,070 Crystal phos.
23,890 MC** phos.

**Methylcyclohexane glass

***pthanol, Ether, Toluene glass

****pPolymethylmethacrylate

*****Polyethylene
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decay, singlet~triplet absorption, and energy transfer

studies. Table 3 shows that the value of T, the triplet

state lifetime, determined below 108°K is between 4x10-3

and 6x10m3 sec.

In liquids, above 108°K, the lifetime of the triplet
is considerably shorter (Table 4). The two~fold, ten-
fold, or even dgreater difference in lifetimes under the
two conditions may result from impurity quenching, self
quenching77, specific interaction with the solvent43’60'76’78,
quenching by radicals formed by hydrogen abstraction from
the solvent or quenching by secondary products formed from

the abstraction reaction61’75’79’82.

Benzophenone--Photochemical Studies

The following mechanism for the photoreduction of
benzophenone by benzhydrol was originally proposed by
Moore, Hammond and Fossa3, and expanded by Moore and

Ketchum3 to include the effect of added quenchers.

(cGHS)zco‘ﬁv (CgHy) ,CO* aI
(CgHg) ,CO* + (CcH) ,CHOH » 2(C6H5)zé—OH Ky
(CgHg) ,CO* » (CgHg) ,CO k4
Q + (CgHg),CO* » (CHg),CO + Q kg
2 (CgHg)C-OH » [(CcH),C-OH], K,
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TABLE 3

LIFETIME DETERMINATIONS OF THE TRIPLET STATE
OF BENZOPHENONE BELOW 108°K

Lifetime Temperature
(msec) (°K) Solvent Method Reference

1 77-108 Isopentane S-T 43
6 77 EPA phos. 42
6 20 Crystal phos. 71
6 77 Crystal phos. 76
4.7 77 EPA phos. 50
4 77 EET S-T. 52
4.7 77 EA phos. 64
5.8 77 EPA phos. 60
5 77 PMMA phos. 69
4.9 77 MC phos.

3.7 77 Crystal phos.
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TABLE 4

LIFETIME DETERMINATIONS OF THE TRIPLET STATE
OF BENZOPHENONE ABOVE 108°K

Lifetime Temperature
(msec) (°K) Solvent Method Reference
11073 108-298 Isopentane  S-T 43
6.5x10"3 298 Benzene phos. 76
2.5%x10"3 298 Isoctane phos.
1x10"2 298 Benzene S-T 84
l.9x10—3 293 Benzene Energy 88
Transfer
4.0x10"2 298 PFM* phos. 77
2.0x10"2 298 TR ** §-T 85
1.2x10"2 298 Benzene -1 60
8.4x10 3 206 Benzene phos. 75
1.1x10" % 296 Carbon phos.
Tetra-
chloride

*Perfluormethylcyclohexane

**1,1,2 Trifluor-Trichloroethane
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Here a - is the yield of chemically active excited state, I
is the intensity of light, kH is the rate of hydrogen
abstraction, kd is the rate of radiationless deactivations,
including all pseudounimolecular deactivations and kq is
the rate of quenching.

Since the:lifetime of the singlet state is short and
intersystem crossing to the triplet is efficient, a = 1,
and the reactive excited state is the nrn* triplet. Further
evidence for this is the decrease in the lifetime of the
triplet state and the corresponding increase in ketyl radi-
cal concentration when a proton source is added. Further-
more, triplet quenchers efficiently decrease the concentra-

tion of ketyl radical43'60’84-87.

With the assumption that the concentration of trip-
let assumes a steady state, the quantum yield for the
disappearance of benzophenone, ¢, is equal to

él?) » . 'kd + kq(Q)
' kH[(C6H5)2CHOH]

Plots of 1/¢ vs [Q] give the value of kq/kH, while plots of
1/¢ vs l/(CGHS)CHOH in the absence of triplet gquenchers

give the value of kd/kH’ The best values for kq/kH and

1 90

89,51 respectively” . For

ky/ky are 750 and 0.033M

quenchers like naphthalene, the rate of quenching is dif-
- -179
9 M 1 sec 1

M lsec™! and

fusion controlled so that kq is equal to 5x10

The value of KH is then calculated to be 7x106
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k., is equal to 2x1055ec_l. The value of kd is in agreement

d
with values determined by physical methods (Table 4).

The reaction can be quenched by methods other than
physical quenching. Mercaptans and disulfides quench by

reaction with the ketyl radical to reform benzophenone38’9l.

¢2é~on + RS® (RSSR) + ¢,C = O + RSH(RSH + RS*)

Amines, such as diphenylamine and triethylamine,
efficiently quench the photoreduction by a primary reduc-

tion of the benzopheonone triplet56-58a’92'93.

5 o . ,,a¢2C=° ot ¢2NH
¢2 =0"%  + ¢2NH -+ [¢2CO vetd, NH]\\’
Products
The quenching is enhanced by electron-donating substituents
and decreased by electron-withdrawing groups. Although the
quenching efficiency seems to be correlated with the ease
of electron loss, there are still anomalies present.

By using deuterium rather than hydrogen in the ter-
tiary position of benzhydrol, an isotope effect, kH/kd, was

found to be 2.783. This gives the rate of deuterium

abstraction to be 2.6x10° M lsec™!.

This part of the dissertation centers on the
measurement of the temperature dependency of the isotope

effect of benzophenone in the presence of benzhydrol and

benzhydrol-dl.
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CHAPTER II
EXPERIMENTAL
Chemicals

Benzophenone: Fisher, certified grade, recrystal-

lized twice from ethanol.

Naphthalene: Fisher, certified grade, recrystallized

twice from ethanol.

Benzene: Matheson Coleman and Bell (MCB)
chromatoquality.

Benzhydrol: Fisher highest purity, recrystallized
once with ligroin, twice with MCB chromatoquality cyclo-
hexane, and twice from MCB spectroquality 1,1,2-trichloro-

trifluoroethane.

Benzhydrol-dl: The compound was synthesized by a

known procedure95 with the modification that twice the cal-
culated amount of LiAlD4 was used to insure completeness of
reaction. To 0.1 mole LiAlD4 in 200 ml absolute ether,

0.2 mole benzophenone dissolved in absolute ether was added
over a period of 2 hours. After the addition was com-
pleted, the reaction mixture was set to reflux for an addi-
tional hour. The reaction was cooled and 50 ml of water

was added slowly with stirring. A solid precipitate of

Al(OH)3 and LiOH formed. The solution was decanted, into a
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separatory funnel and 125 ml of a 10% HZSO4 solution was
added. The ether layer was separated, dried over MgSO4 and
evaporated until approximately 100 ml remained. The remain-
ing solvent was evaporated over nitrogen. The white solid
remaining was recrystallized twice from spectroquality
1,1,2-trichlorotrifluoroethane. The melting point of the
white crystalline product was 64.5-65.0°. The yield‘was

22 grams. The IR spectrum of benzhydrol and benzhydrol-4d,
were identical except for the absence of the C-H peak at
2870 cm-l and the presence of the C-D peak at 2140 cm-'l

for benzhydrol—d1 (PFigure 3). Analysis: Calculated Carbon

84.7%, Hydrogen 6.53%: Observed~Carbon 85.4%, Hydrogen

6.23%.
Degassing Procedure

The reaction cells were fabricated from optically
flat quartz tubing obtained from the Opticell Company hav-
ing a l-cm path length and an extension tube leading to a
teflon greaseless vacuum stopcock and followed by an O-ring
glass joint for connection to a vacuum line (Figure 4).
This allowed irradiation and absorption measurements to be
made without removal of material undergoing reaction.

Degassing was performed using a greaseless and mer-
cury—free oil diffusion vacuum system. Stopcocks were made

of teflon and pressure measurements were made with both a
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Fig. 3.--IR Spectra of Benzhydrol and Benzhydrol-dl
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thermocouple and Pirani ionization gauge. All joints were
O~ring glass joints. The solution to be degassed was
poured into the bottom of a cold finger, fitted on the top
with two reaction cells (Figure 5). The cold finger plus
cells were connected to the vacuum system. The solution

was zone frozen using liquid nitrogen open to the vacuum

5 torr. The cold finger was

system and evacuated to 10~
then closed off from the vacuum system, the solution was
allowed to thaw, was frozen again and opened to the system.
After seven of these freeze~-thaw cycles had been completed,
an overpressure of argon was allowed into the system. The
cold finger was closed off from the vacuum line, detached,
and rotated two times to fill the cells with the degassed
solutioh; the celil stopcocks were then closed and disen-

gaged from the cold finger. The cells were stored in the

dark for use within twenty-four hours.
Irradiation Procedure

Irradiation was performed using a Hanovia 1,000-watt
Xe-Hg high-pressure lamp. A typical, relative emission
spectrum is shown on Figure 6. Specifications for the lamp
are given in Table 5. |

The optical system consisted of a saturated CuSO4
infrared filter, a convex lens (focal length 32 mm) to form

a point source of light and a convex lens (100 mm) used to
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Fig. 5.--Cold finger

degassing apparatus.

4.--Optically flat quartz

Fig.
reaction cell.
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Fig. 6.--Relative Emission of Xe-Hg Lamp

TABLE 5

SPECIFICATIONS FOR Xe-~Hg LAMF

Hor. Average
Gas Watts Intensity(cd) Flux(Lumens) Brightness(cd/mmz)

Xe/Hg 1,000 5,000 4,500 320
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collimate the light. The collimated light beam was passed
through a Corning 7-59 filter which had maximum trans-
mittance at 366 nm, and then reflected by a mirror, posi-
tioned directly above the reaction vessel and at a 45°
angle, down to the reaction vessel. In the center of the
reaction vessel was a mirror mounted on a center post and
set at a 45° angle with respect to the reflected light
beam. The post rotated at a speed of one revolution per
minute, giving equal irradiation to all cells within the
vessel (Figure 7). Equal intensity at the cell positions
was verified by placement of eight photoresistors (Clairex
CL-703a) in the middle of eight cell compartments. The
intensity of light hitting the compartments could then be
compared using an oscilloscope. Figure 8 is a schematic
diagram for the photoresistor setup. PFigure 9 is a picture
of the output from these resistors. The one peak that is
larger than the others resulted from one of the photo-
resistors having a higher sensitivity than the others, a
fact verified by exchanging the positions of the different
photoresistors.

The reattion vessel was a modified circular merry-
go-round in which the stationary cells were kept in a
thermostated ethanol bath equidistant from the rotating
mirror and the light beam. The outer wall of the vessel

was blackened to prevent back reflections through the cells.
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Fig. 8.-~Schematic diagram for photoresistor
intensity check apparatus.

Fig. 9.--Output from photoresistors.
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The aluminum cell holder was capable of holding 16 cells

and could be adjusted to insure total immersion and irradi-

ation (Figure 10).
Temperature Control

The ethanol was kept at a constant temperature in
the reaction vessel by circulation through a Lauda K2
constant temperature bath. The temperature in the vessel
was monitored using a 200 platinum resistance thermometer
attached to a 3.5 volt regulated power supply with a resis-
tance bridge. Readout was on a recorder (Figure 1ll). The
linear response and calibration of the thermometer was
determined using the boiling and melting points of various
liquids (Figure 12). To increase the efficiency of tem-
perature control, a vacuum jacket and several layers of
glass wool were placed around the outer wall of the vessel.
For temperatures below room temperature the ethanol in the
constant temperature bath was circulated through a Dewar
containing ice-water, dry ice-ethanol, or ethanol cooled by
a Neslab Cryro-Cool immersion cooler. In cold solutions, a
stream of nitrogen could be blown across the inside wall to

prevent fogging. Figure 13 is a picture of the entire

setup.
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Fig. 1l.--Schematic diagram for
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Fig. 12.--Calibration graph
for resistance thermometer.
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Fig. l3.--Radiation and temperature control
apparatus.
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Method of Determination

Absorption measurements were taken before irradia-
tion.. The cells were then placed in the reaction vessel
and allowed to equilibrate to bath temperature for 15 min-
utes. Irradiation was initiated by removal of a shutter
placed in front of the lamp and simultaneous switching on
of a clock. After a period of time, the shutter was again
placed‘in front of the lamp and the clock stopped. The
cells were removed from the bath and allowed to equilibrate
to room temperature for 15 minutes. Absorption measure-
ments were again taken and the process repeated until the
absorption change was 10 to 20%.

Absorption measurements were made using a Hitachi=
Coleman 120 Spectrophotmeter with a Thomas digital readout
attachment at 260 nm. Since the size of the cell precluded
the possibility of closing the cover of the spectrometer,
measurements were made by opening the shutter of the
instrument in a light-tight dark room. All measurements

were by difference, against an unirradiated solution of

benzophenone.

Solvents and Concentrations

This section deals with those preliminary problems
and experiments that were necessary to determine the best

experimental design. Factors to be considered were the
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concentrations of substituents and the method of prepara-

tion of the sample.

Concentrations

Solvent.--Benzene was chosen as a solvent for two
reasons. The first is that almost all abstraction reac-
tions in the literature had been run in this solvent. The
second is that the yield of abstraction from the solvent is
extremely low, ¢=. 260, A grawback in using benzene was its
limited temperature range. However when carbon tetra-
chloride was used as a solvent absorption measurements were
not precise enough, and 1,1,2-trichlorotrifluoroethane
could not be used because of the limited solubility of

benzhydrol.

Benzophenone.~--The concentration of benzophenone

chosen had to be large enough to insure a measurable reac-
tion and small enough to allow absorption measurements to
be taken using the reaction cell itself without having to

remove the sample for dilution. The workable concentration

was found to be 5.0x10 >M.

Naphthalene.~-The concentration of naphthalene had

to be large enough to ensure that it was the dominant
quenching species because.of the possibility of quenching
by other transient substances in the solution, yet small
enough so that the rate of reaction was measurable. 1In a

degassed solution this concentration was found to be 5.0x10_3M.
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Preparation of Solutions

A stock solution of 5.0x10—3M benzophenone and
5.0x10—3M naphthalene was used in the preparation of all
benzhydrol solutions. Thus the only variable in all solu-
tions was the concentration of the alcohol.

The original solutions tested were deaerated by
bubbling for thirty minutes with oxygen-free argon. A
special bubbler was constructed which allowed the solution
to be deaerated and then flow into a reaction cell which
had been evacuated and flushed with argon (Figure 14).
However, cells prepared in this manner showed increased
absorbance at 360 nm due to an intermediate described by
Pitts whose absorption was in the region94. The system was
then modified to allow the deaerated solution to flow into
the degasser and go through three freeze-thaw cycles. By
use of this method, a linear decrease in absorption of ben-
zophenone with time was found but the data were not consis-
tent or reproducible. It was then determined that consis-
tent and reproducible results could be obtained if the

solution were degassed seven times without previous

deaeration.
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Fig. l14.--Bubbler for Aeration
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CHAPTER III
RESULTS

Initial Experimental Design

Since the isotope effect is a measure of relative
rates of reaction, the method of simultaneous irradiation
of deuterated and non-deuterated samples provided a means
of determination without the necessity of actinometry. The
problem, however, was to determine the best statistical
means of calculating the isotope effect and from this the
best experimental design. Calculations were performed on
an APL terminal of an IBM 360-50 computer.

The initial experimental design was based on the
realization that if the quantum yield for the rate of
benzophenone disappearance is equal in separate solutions

of benzhydrol and benzhydrol—d1 then

kH[¢2CHOH] kD[QZCDOH]

kq[Naph]+kd+kH[¢2CHOH] kq[Naph]+kd+kD[¢2CDOH].

If the solutions contain equal concentrations of quencher.

then

ky, [9,CDOH]

E ——

k, [4,CHOH]
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Solutions containing equal concentrations of naphtha-
lene and benzophenone and varying concentrations of benz~
hydrol or benzhydrol-—dl were simultaneously irradiated.
Absorption measurements as a function of time were taken as
previously described. These measurements were normalized
by dividing each result by the initial value. The least
square line for each cell was then calculated.

For each line, change in absorbance values, AA, were
calculated for 100 minutes. A least-square plot was then
made of 1/AA versusJJ*WZCHOH] for the solutions containing
benzhydrol. From this line, the benzhydrol concentration
corresponding to the 1/AA value for the deuterated sample
was then determined. The ratio of the concentration of the
deuterated sample to the calculated concentration of
undeuterated sample was the isotope effect.

Original runs were made with four samples of benz-
hydrol and one sample of dl—benzhydrol. The temperature of
the runs was 22°, The concentration range of the benz-
hydrol was .060 M to .12M. The concentration of the

d,-benzhydrol was 0.18M and was chosen so that its 1/AA

1
value would lie near the midpoint of the straight line.

Expanded Design
The number of samples used proved to be statistically

too small. Therefore, the number of benzhydrol smaples was
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increased to ten and the number of benzhydrol—dl samples
was increased to four. The initial concentrations of
benzhydrol were 0,0533, 0,0995, 0.151, 0.199, and 0.249M, while
those for benzhydrol—dl were .251 and .361M. Two reaction
cells were used for each concentration. To account for the
increased reading error in samples of benzhydrol of low
concentration, a statistical weight was given each absor-
bance-time curve. This was determined by the ratio of the
deviation of the slope of the curve to the slope itself.

Using these weights, the slope of the 1/AA versus

l/[QZCHOH] line was then calculated using the following

formulas.
Iw (x-X) (y-y)
(18) slope = m = =
Iw (x-x)
(19) intercept = b = 1/Zw(Zwy~-mIwx)
(20) of, = 0% = 1/N-2Zw(y-m-bx)>
(21) o2 = o?/5u (x-%) 2
(22) of = o2 swx? /Tw (Zwx2) - (Zwx) 2

An isotope effect value was;calculated’ascprewviously
described . for each of the four benzhydrol—dl samples and
an average value was taken to be the isotope effect value

for that particular temperature. Table 6 is the summary of
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TABLE 6

ISOTOPE EFFECT VALUES DETERMINED
BY AVERAGING METHOD

Temperature °C Isotope Effect
8.5 2.5%0.6
16.0 2,.5%0,5
16.0 2.4+0.2
22.0 2.0+0.1
46.5 2.1+0.1
58.0 2,0+0.1
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results using this method for the temperature range from
8.5° to 58°. Table 7 is the APL program used.

As can be seen from Table 6, the extent of error in
calculation was highly dependent on the slope of the line
and on the accuracy of the 1/AA values for the deuterated
samples. A more accurate design was needed in which these
errors would not be significant. It was decided that
accuracy could be achieved by comparison of two lines
rather than matching a point to a line.

Equation 5 shows the relationship between the quantum
yield of disappearance of benzophenone and the concentra-
tion of benzhydrol. However, since
)

*1(p) %2

no actinomety is being employed, the quantum yield, ¢, is
not actually being measured. What is measured is AA. The
relationship between these two values in shown in equation

24, where a is the yield of chemically active excited state

and I is the intensity of light:
(24) ¢ = allda

Equation 24 can now be rewritten as follows:

(25)  1/8 caty 2
25 1/AA = al+al
kH(D)[¢ZCHOH]
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As long as the concentration of benzophenone and
naphthalene are the same in all solutions and all are
irradiated with the same light, the ratio of the slopes of
deuterated to undeuterated solutions is equal to the isotope
effect. However, the actual value of the common intercept
of both lines will depend on the intesity of the light
used. Using these facts, the least-squares slopes for both
the benzhydrol and benzhyrdol-d, lines were calculated for a

common intercept value of -0.5 by using the formulas

way—wax/wa2

(26) m

(02/zwx2)1/2

(27) om

The isotope effect was then calculated from the ratio
of the slopes. The standard deviation for the isotope

effect was then calculated from

1/2

_ 2,2, 22,4
(28) o4 = (oD/mH+onD/mH)

IE

The intercept value was thex increased by 0.05 to
-0.45, the slopes, isotope effect, and error were again
calculated. This iteration process was continued until the
isotope value with the lowest error was determined. The
APL program for this method is shown in Table 8.

The isotope effect values for the previous runs was
recalculated in Table 9. These values suffered from an

insufficient number of data points and insufficient spread

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

(]
1 JAVEVILAFD 543403A AdHALS . =408 40 JUNIVLIAIAIT s2dngt,  GFGANN A0E.

'8

TTd9° 0 9( T+H)+1LN0
[(T)lAsn-A
Aova/((H)>(8) )+
LE(a) 1Lt 2zno+2Lno
[(¥)JoAsC(H)1g-0(u)1n
L(u)1X ZNIAda X~L(4)]3
(U)X dTIs43a x~[(4) JoA
L*(H¥))X 475 x~[(u)]E
L(N) )L 43zur X~[(4)1v
Lee(a) Iz () 1X~L () IX
UrL(4) 1L

[Ca))T230%s :0H 1740 404 SIANTVA X
U+t (a) 3800

+ZHH 40 NOIZVHINIONO0D.
UL (&) 17730

208 1149,
T+U~14OVE

X+TIN0

09( K )+UOI+H+I+O N4+

o-i

08 ((X9)*(n))+&

usXx

WOINTVA X 4AZNF .

00T+Z

s

WSI TuddhdZuzd-d 2dLlIveid0d $T133 40 HIHANN HHE.
0Y(i)+71d9

U+sH

s S1T30 KUV HOH,

UsdndZ

WSI dnd IEE G0 ddNIVLIdKIL JHL

wedny

&I dnd dHE 40 J3dRNN dH&.

[9€]
£sel
[ne]
{e€)
[2ZE]
[t€]
[oel
tsez)
L8z}
[ezl
9zl
[£scl

[n2]”

Lez]
Lzzl
(813
Lozl
{61]
(8%l
(NAS)
L9t}
{stl
LaT)
Leel
£zl
£tr)
fot]
(6]
(el
(¢l
9]
[s]
L»]
Lel
el
Ll

PR e i -

QOHLIW JAILVIILI DNISN WWED0dd 'Id¥Y

8 HIdVL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64

T4+X (€L]
Tx+x [2L]
TH+H4 LTL}

VYL+SVIL»059IS»s+VITda (oL])
0+d3L8n00 169])

T+TH+CHH4LT [89)

MeT-ZH [L9]

HeI-TH  (99])

o+Z4 ([S91]

S_+2 ([n9]

0 +40ddI+dd0TVSI+3L0'1SA+3401S [€9]
€IN0 Ldd € 8 w €T € 8 1 6 [T9]
wdud/t Tidd/t THY/T  IHd/T s E[£19]
TXTA X T4 9((I)*n)Q+eZn0 [09]
X4I+2X [65]

X+I+ZX [8S]

X+I+TL8 [LS]

X+I+1¥ [9S]

H0O++X [SS]

(Zxg-)++X [nS]

P-H+I [€S]

- ) 0/((r)=(0))+ f[25]

’ sy [15]

as LOS]

JNo L3d ¢ 11 S ¢T1 S CT 9 11 9 ST 9 8T 0 S [6%]

1 2dI a3 TUT Jdd01S 40 ZHE 40 s L[81]

THOI3AM J0 NOIZVIAdQ JddoadINT dorzvrada 44018 HOIZVHINIONOD coN 1739, L[inl
as [91]

s 8
(U327 0A g 000 T30S ((H)*L))R+ZN0 [4n])
2IN0 Ida (THIDHIAT+((T+W)xZ)) Lend
€9 €£E9 €9 €9 €9 ETEIJIEIYIEI ETY EIET EIEIE9 €9 €9 T S +ZHIONAT [Tn]
TIN09((X9)(T+H))Q*2ZN0 L[1In]
N0 Lda (THIONIT+((T+H)xT)) [On]
08 1730 S4dHIL. L6E]
WAOHVIHOSAY 40 SANTYA G4I23HH0I. [8E]
09 0909090909093 0909090909090090098089 0 € +THIINIT ([LE]

pPoNUTIUCD--8 HTLVL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



65

a
ss [801T]

SI10 Zdd € €1 Z 8 [LOT]

1 dOHYd £93dd3 3d0ZuSIs [90T]

ss [SOT]

LOT=(2U) ) Jdoddd  L(T~(ZH) ) Jdd0L0SI+SLH0 [n0F]

niN0 I40 ¢ TT S nT S w1 S 2T 6 8 L€0T)

ss L2OT]

1 SAHIT J417 JHIT 44018 dNIT .+ L10T]

WHI08 J0  TUHUAHZHIE-d TudALHZEIE-A 1040kHZN3AE  TUEAKHZUZE, [O0T)

WUdIGESHT d0 GuLZIVINIA J0 44075  Jd0o d0IZvIAdd 40 4407S: (661

. . «s [86]
°0-2°1(2-(3d0759)) 1249250 [ (Z-(Ed0T59) ) JIdUI3* L (E-(Id0ISO) ) JIdOTSU [ (E-(Id0TSY)) J3d0TS+nIN0 [L6]
32T/ (0(L(24) JgoddI~-L(T-(2U) ) 140843 ) )+ [961

432I/(t=z4)+ [S6]

S0°0+42+0 [n6]

Hd340ddd+40dd3 [€6]

0SI*3d0Z0SI+Id0Z0SI [Z61]
STOR(((nx[(T)1s)#(To(L(T)150ISs%x((2)1S)))+((Z#[(T1)1S)¢(T*[(2)1SDIS)))~HdZ ([16]
[(3)1s40(2) Js+»0ST:VUON [06]

. dXIn+ (681

zk+Z (e8]

ZX+x (L8]}

Ta»n  [98])

YIOH/(T=43IHN0D)=VAY [58]

((d3Lun03) 1s9Is* 3d01SA+3d0TsAd  [%8)

[(d32un00) 15 Ad0TS+3d0IS: kdd VN [£8]

VAV [28)

[(dIZHN0I) 1SDIS+3d0TISa [18]

[ (¥4dL14n00)15+3d01s ([08)

AddVA/((T=43Z8N00)A(1<TH) )+ [6L])

S 0s((((Z*X)xM)/+)+[(J4LHN00) JOSOIS)+L(¥ATHN0D)1SIIS [8L]

(2= {x=[(d2L8N0D) }3S-C0-X)))=A) /+)x((T~(X9) ) #)+[ (42Z4N0D) 10SIIS [iL]

. (C(Zox) =) /4)(CC{X=x) /+)xD)-(XxXxn) /+)>[(4ALNN0D) IS [9L])
(Zo(xxu/+))-((((Zox)xM)/+)=x(H/+))+[(43Z4N02) IVZTda [S5L]

- T+HILAN0T+HALRN0IAAIN [%L])

poNUTIUCD~-8 HTAVL

oo

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



66

TABLE 9

RECALCULATED ISOTOPE EFFECT VALUES
USING ITERATIVE METHOD

Temperature °C Isotope Effect Standard Deviation
8.8 © 2.50%.20% £0.34
16.0 2.22%.21 +0.37
16.0 2.24+,09 +0.16
22.0 1.92+.05 . +0.10
46.5 1.80%.10 +0,17
58.0 1.87+.07 +0,12

*Value calculated from a t distribution with 13
degrees of freedom.
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in the concentration of benzhydrol-dl.

Four solutions of benzhydrol of concentrations
0.0622, 0.121, 0.182, and 0.239M and four solutions of
newly prepared benzhydrol-d1 of concentrations 0.122,
0.219, 0.321, and 0.424M were prepared. For each solution
two cells were prepared for a total of eight data points
per line. Irradiation and absorption changes were as
previously described. The results obtained from these
solutions are summarized in Table 10. An example of the
data is presented in Table 1l.

Figure 15 shows an example of the linear plots of
absorption versus time for various concentrations of

benzhydrol. Figure 16 shows the linear plots of 1/4A as a

function of l/[¢2CHOH].
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TABLE 10

ISOTOPE EFFECT VALUES USING
ITERATIVE METHOD

Temperature °C Isotope Effect Standard Deviation
7.0 | 2.67+.13% +0.23
16.5 2.55%,05 +0,10
22.0 2.64+.06 +0,12
45.0 2.58+.14 0,26
57.5 2,10+,09 Q0,17
59.5 2.18%.05 0,11

*Value calculated from a t distribution with
15 degrees of freedom.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

o n3°Z
Guddd’ LIidid 400,
[ 29 &iLsLto YILLUTET LesLT O “Z9TL 8
waadl ey asdd dadils Jar1
dabd S0 Tualaillid~d Iuagdis2ldd-d Qddid2did  Tu¥didZdIE
idldiasd S0 Susiaiiasd G0 aauls S0 GULIVLASC 40 Jduuls
T BSETC 93ITBTLS *6I1°SE
. 4SE"C  wlda"Lw Z24909°1C
SII°E LiTTAn £] €95C°9w
3I1°¢ $3£6° 93 L039°Cn
335w ELS AR 431 LT3 ] €068° 29
298" B8$3°¢H n32°8 SNLUTIY
Lol°8 53307¢bT LLUTYT  SSRL°LET
Lal®8 ZatnTiul LLG*3T TSTHTEST
.
dudit ldalt &delt idslt
canuu“o eliou”l LZOULUTD o8luu00_ vounin o ZZ
<3408° [2X T A4 LEUVULTO duleduo_ ugunZnu 4T
n5L0uU"U LR TR 4 2lL0G6u Y €3Tu00°0_ LUV ICE U (49
CERVS0 usluu®t TZuuquo oRT00U°0_ Vuvict o ) N
ticou’o wices"l PR LTS s8LUGITI VowsilTU vl
DTV ITT0070 TESLULTY H2uI0CVT0_ [IT: TR 240 it
LTLOL O EYRIV 00 4 4Covwe°0 Zsoguato_ UuUuZETT o st
E14 147ag¢) wLidu" 1 <Zuouuto 6®3D00°0_ JueLlrty ['24
Ieadua astuat ICu063°0 SBZOUOL UVUBEL O 3T
nLECI0 ildee”0 510000°0 JTEVCD UL _ VOUbEZ Y 31
$welu”o oluwu“l L100C0°0 33120G070_ uoulet o [X4
SECUIT0 3C8ab"C CTU0U0°0 elZUuiu_ [ETT2" 4] 114
! 3320070 €8Ity L £LB0UG Y Lul00DTO_ (T3 74 440 : wl
Josiu®o FA-TA 1l 4 L2ATIT IR I5T000%0_ (IR 4 &) Tt
2ETOS LI300°0 4150000 ELO0LO"O_ LI 441 M) nZ
CitucTo SZEVI°T LI0000°0  £€400T8TO_ wuZcwuto [34
wdidodaal dauls 0 dd 40
et HY e 4 SV dulivisad w2cdeimdl dviariead Javis POICT AR ESHTb] 202 1740

LES57C EE6°0 w5 u 46 U $L5°0 C3IB U LEHT0 Iu6°0 WUBT0 IuB'0 nZ6°0 ULE°O
BR6 0 696°0 £56°0 3670 IL6°0 wWIH”S €66°0 L8670 ole”0 BES°Q mEETO
$36°0 £35°0 83670 $36°0 IB6°0 £3I6°0 L6670 B0 URE°G €56°0 3w6°0
01670 2L6°0 w670 LL670 686°0 €L5°w J00°T L6b°0 656°0 836°0 bSE"0Q %L6°U €8E°0 CbB°0 0°SIT
98670 8B6°0 £86°0 63570 £65°0 ©i5°0 500°T €0O°F CU6~V IL6°0 5:0°0 986°0 ®66°0 0°T0%
866°C £GO°T SE6°0 366°0 100”1 Ubd”0 ¥00°T LL6"Q LH6°0 USHT0 Z65°D o¥E"C I66°L BHL'U ¢66°0 Z00°T

18b°0 £16°0 0BL°0 D°UNE
¥S6°0 9Lb°0 S96°0 0°98Z
TL6°0 646°0 T66°0 0°LLZ

0°9¢t
, D00°T ©00°I 030°% 000°T 000°1 Q00°T 0OG"T 900°T 0U0°T GGO°I QOO QUI®T 0001 OULC"T VOL*T QO Y 00
A 1 Y ¢ 4T 5% oF 9T £ £Z 1z w1t s  &f o
o 1142 (2 Led
SOMVddUSEY dO SINTVA AdEIAEGVI
3AYdIIIII) 544du30 TT =d0d 40 JINLVEINID €e-we6t  JITAOA WO

Do0°22 AGOHLIW IATIVIHLI ONISHN LOdTJIId HJOLOSI

TT J1I9VdL

ISsion.

Reproduced with permission of the copyright owner. Further reproduction prohibited without perm



70

S
v
A A

PR

- -~

'l
At

w:.}zl- gl
oeprsan. | ||

o
. -
L VavES|.

RS R

Fig. 15.--Absorption versus time curves for various
concentrations of benzhydrol.
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Fig. 16.-~Linear plots of 1/AA as a function of
1/1%,CHOH] .
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 CHAPTER IV
DISCUSSION

Isotope effect values that were constant over the
temperature range would indicate that the theories of
radiationless decay were correct and the isotope effect is
due to differences in vibrational overlap. A temperature
dependence would indicate that the zero point energy differ-
ence or some other phenomenon was at work. Table 9 shows
isotope effect values that seem to be continually decreas-
ing as the temperature is increased. This percentagé change
of 33% is close to the 35% change expected from a zero point
energy difference isotope effect. On the other hand, the
values shown in Table 10 are constant from 7°C to 45° and
then sharply decrease as the temperature is raised to 57°C.
Are these trends indicative of a physical phenomenon or are
they the result of random variations within the sample?

To determine whether the isotope effect values are
significantly different within the temperature range
studied, an analysis of variance was performed. 1In this
test the variance of the means of each determination is
compared to the variance of the total population. A ratio
of this "between means" variance to the total variance

would be approximately unity if the means are equal. If
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the means are different, the "between means" variance will
be large and the ratio wil. oe considerably greater than
unity. The extent that th/ . ratio can be different from
unity, while equality can still be assumed,is determined
from a standard table. For equality of value the ratio
must be smaller than the F number. To determine the ratio

the following equation was used:

6
=2
izl(xi X)"/k-1 between variance
(18) ratio = =g =
5 no?/(N-k) within variance
i=1 *

where Xi is the isotope effect value determined at each
temperature, i is the means of these values, qi is the
error in each determination, n is the number of samples in
each run, k is the number of isotope determinations made,
and N is the total number of samples run.

The results of the analysis are shown in Table 12.
This table shows the value of both the ratio and the cor-
responding F value at both the 0.05and the 0.10 levels. 1In
both cases it can be seen that the ratio is smaller than
the F value. What this analysis indicates is that the
isotope effect value cannot be shown to be different within
the limits of the accuracy of the data. It does not,

however, prove that the values are constant.
It is also impossible to disregard the obvious

decreasing isotope effect as the temperature is increased.
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TABLE 12

ANALYSIS OF VARIANCE

F Value F Value
Run # Mean Variances Ratio (.05 level) (.10 level)
#Q Between .0736
#9 2.09 1.24 2.35 1.93

Within .0595

Between .0618
#10 2.46 1.87 2.33 1.92
Within .0331
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If the assumption is made that this temperature dependence
is real, the question arises as to whether it is due to an
error in the theory or an uncontrolled variable in the
system studied.

There is evidence that ther: i# at least one temper-
ature~dependent factor within the ;: -ter itself that has
not been considered. The assumption was made that since
the quantum yield of intersystem crossing in benzophenone
was unity, the only reactive or populated state was the
lowest triplet. However, the existence of delayed fluores-
cence makes this assumption not entirely correct65.

Because of the small energy separation between the singlet
and triplet, a small percentage of the triplet electrons
can be thermally excited up to the singlet state. 1In CCl4
at 23°, delayed fluorescence accounted for about 10% of
the total intensity of emission of benzophenone. The
enthalpy was determined to be 4.4 kcal/mole, and the
entropy was -3.5 eu. This led to a free energy of

5.4 kcal/mole and an equilibrium constant of 1x10’4.at
this temperature. Once the singlet state is populated
there can be radiative emission, radiationless decay to the
ground state, or reaction with benzhydrol. The result of
the first two is the addition of a temperature dependent
term to kd’ the radiationless relaxation rate from the

triplet state. The result of the latter is impossible to
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determine, but there is no reason to believe that either
the rate of reaction or the isotope effect will be the same
from a reactive singlet state as that from the triplet
state.

Another possible explanation for the temperature
dependence might be in the omission of a secondary mechan-
ism for energy transfer. Haas, Levine, and Stein96 con-
sidered the possibility of energy transfer in reactions in
which the extent of Franck-Condon overlap was minimized due
to large energy differences between states. They postulated
that during a reactive collision of the type

A+BC+AB*+C
there are two factors that have to be considered, a static
and a dynamic displacement. The static displacement
depends on curve crossing and is the usual criterion for
the degree of Franck-Condon overlap, while the dynamic
displacement depends on the kinetic energy of the reactive
collision and on the conversion of this translational
energy to electronic energy. This "extra" electronic
energy can be used to decrease the separation between the
two potential surfaces and increase the degree of Franck-
Condon overlap. The condition for efficient energy
transfer would be

g+d=AE+m

where "g" and "d" are the static and dynamic displacements
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respectively, "AE" is the electronic energy gap, and "m"
is the final vibrational number.

As the temperature of the reaction system is raised
the kinetic energy along the reactive pathway increases.
This increased energy can lead to an increase in the effi-
ciency of energy transfer via mechanisms not previously
postulated. These include more efficient energy transfer
to C-D, 0-H, or C=C vibrations.

The possibility also exists that the temperature
dependence of the isotope effect may be less than maximum
even though caused by a zero point energy difference. As
was shown in the previous section, the transition state
encountered in abstraction reactions can also possess a
zero point energy difference with a resulting decrease in
the extent and temperature dependence of an isotope effect.

The present study was limited by the accuracy of the
data. Therefore, no conclusive statement can be made about
the results other than that there seems tobe at least some
temperature dependence. In order to determine which fac-
tors are responsible for this dependence, further experi-
mentation is necessary. The range, especially in the low
temperature region, should be expanded. Use of a second

solvent, such as trifluorotoluene, may be possible.
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CHAPTER I
INTRODUCTION

Navidi, Brittain, and Hellber1 found that irradiation
of a solution of molybdenum (IV) in a pyrex half-.cell con-
nected to a dark half cell produced a voltage. The cells
were thermostated in a water bath and irradiated through
this bath with a halogen lamp. The molybdenum compound was
prepared by mixing an equivalent of (NH4)6Mo7024-4H20 with
two equivalents of (NH4)2M0015'H20. The possibility was
presented that this voltage might be due to the production

of an aquated electron with the reaction on the illuminated

half.cell being

Mo (TV) “2¥aMo (V) + e~

and the reaction on the dark side being

Mo (IV) + e =+ Mo(III)

However, some of the questions that arose could not
be answered on the basis of the initial experiment. The
compound originally used was not stable so that some of the
voltage could have been due to a thermal reaction. More-
over, irradiation was with light of wavelengths greater
than 3008:a°, much too low in energy for photoejection of an

electron. It seemed apparent that this phenomenon required
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examinations under more controlled conditions with a more

stable molecule.

Photochemistry of Inorganic Complexes

The lack of emission from the excited states of most
inorganic molecules makes the photochemical processes
occurring in inorganic complexes difficult to determine.

In general, electronic states can be separated into five
categories: ligand field, charge transfer to ligand (CTTL),
charge transfer to metal (CTTM), and charge transfer to
solvent (CTTS). Ligand field transitions are those involv-
ing excitation within the nondegenerate d orbitals of the
complex. Since these nondegenerate d orbitals are directed
toward the ligands, excitation will increase the electron
density at these positions and consequently increase the
degree of repulsion between the central atom and the

ligand. The probability of the loss of a ligand by substi-
tution or elimination becomes more likelyz. Charge transfer
to metal bands occurs in complexes with high reducing
ligands such as Br and I . Charge transfer to ligand
occurs with central atoms with low ionization potentials and
ligands with empty m* orbitals such as CN and co?.

In charge-transfer excitation the assumption is made
that the molecular orbitals of the central atom, ligands
and solvent are separate systems with only weak inter-

action. The central atom has a definite oxidation number
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and excitation from the central atom to the ligand, or the
reverse, results in a change in this oxidation number.
Several types of reactions are possible from these states,
including intramolecular and intermolecular oxidation-~
reduction and substitution reactions.2

A recently discovered reaction, the formation of an

aquated electron, occurs in the irradiation of certain

inorganic cyanide complexes such as Fe(CN)g Mo(CN)g—
4

with Fe(CN)g-. Photoejected electrons have also been dis-
covered above the surface of the solutiong’lo. The cri-
teria for photoejection of an electron from a molecule are
(1) irradiation in the charge~transfer band of the mole-
cule, (2) a stable molecule of the same stoichiometry and
one higher oxidation number than the original molecule, and

(3) a stable molecule of one lower oxidation numberﬁ—7 as

the original molecule.

It was originally believed that the source of the
electron was the CTTS state reached as the primary step of
execitation. However, recent studies on the effect of
temperature, ionic strength, and added D20 on the quantum
yield of electron formation from Fe(CNig-indicate that the
CTTS state is reached by a secondary process. Excitation
to the high-energy ligand field 1T2g state at 2700 A or the
CTTL lT u state at 2180 A° results in internal conversion to

2

the lower energy lTlg state at 3225 A° where a substitution
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reaction occurs. Competing with relaxation is crossing,
possibly by tunneling, to a CTTS state with the formation
of an aquated electron4'5. A similar mechanism is believed
to occur in Mo(CN)gT and W(CN)g” since they both contain a

high-energy CTTL state.5

Photochemistry of K‘4M0(CN)8

The symmetry of KJMO(CN)B has been called fluxional.
Under different conditions the symmetry has been determined
to be either D2h’ square antiprism, or D4h’ dodecahedronll.
Spectral data for theK4Mo(CN)8nmﬂecule have been determined
by Perumareddi, Liehr, and Adamson12 and are shown in Table 1
and Figure 1. KaMo(CN)8 is thermally stable but photo-
chemically active. Depending on the energy of excitation,
two distinct photochemical reactions are observed. First,
irradiation of a degassed aqueous solution with light of

wavelength less that 3000 A° results in the formation of an

aquated electron. The electron can be detected by its reac-

tion with N20 producing Nz;7

-h " Y -
Mo(CN)g hv - Mo(CN)g + e

eaq + H20 + N270 g N2 + *OH + OH
4- 3- ~
*OH + Mo (CN)8 + Mo (CN)8 + OH

The quantum yield of N, formation has been determined
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SPECTRAL DATA FOR THE d2 - TRANSITION
METAL CYANIDE COMPLEX ANIONSY?

rvevra
et

Amax Ymax Calcd.
nm cm™1 Emax Assignment Frequency
. cm-l
- - - +3 25
lAl A, 17,9
510.0 19,600 2.7 1A1+331 19,625
431.0 23,200 69 1A1+1A2 23,175
- - - lAl')'3E 25 ,550
- - - 1Al*3E1 28,750
367.6 27,200 170 1Al+1Bl 27,875
308.2 32,450 262 lAl*lE 33,050
267.4 37,400 1,350 1p +1gl 36,050
240.0 41,670 15,540 Charge Transfer
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to be 0.277. The rate of the back reaction

3= - 4-
Mo(CN)8 + eaq + Mo(CN)8
-1 7
has been found to be 4.0 x 108 sec 1 . In the presence of

0, secondary products such as Mo(CN)7H202— and

3=

N,

Mo(CN)7H20 have been detected?. However, it is not
certain whether the °*OH radical is responsible for their
formation. The electron has also been detected by its
absorption at 6800 A° during flash photolysis6. It is still
not clear whether the mechanism of electron ejection is a
secondary process as in Fe(CN)é— or is direct population
of the CTTS state.8

Second, excitation in the ligand band of the compound
with light above 3000 A° causes the original yellow solu-

tion to turn to red, then green, and finally pluelds15,16.

The pH of the solution also increasesls’lﬁ. The initial

. . 16
reaction 1s

- hv - -
Mo (CN) %™ + 2H.0 —“+ Mo(CN)3~ + HCN + OH
8 2" 53000a° 7

The red intermediate, Mo(CN)7H203-, has been iso-

lated as the silver salt by addition of solid AgNO3 during
irradiation of an acidic solution of the complexl7. The

growth and decay of this intermediate has been followed by
its absorption at 5120 A° and by polarographyls. The final

product has been isolated as a red solid by addition of
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solid KOH to the blue solution at 0°19. This solid has

been identified as transdioxytetracyanomolybdate,

(IV),MoOZ(CN)i_. The red solid turns blue on addition of

- water because of the equilibrium
4- > -3 -
MOO2 (CN)4 + H20 <+ MoO (OH) (CN)4 + OH

Although the intermediate and the final product have
been isolated, the detailed mechanism is still in doubt.
The initial step is reversible as long as the red inter-
mediate is present; however, the exact steps from red
intermediate to final product are speculative. In the
photolysis of (NH4)4Mo(CN)8 in liquid ammonia, a postulated
multi~photon process was necessary to produce the final

polymeric productzo.
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CHAPTER II

EXPERIMENTAL

Chemical

KgMo(CN)B. Potassium octacyanomolybdate was pre-
pared by three different methods to insure that the results
obtained were not due to an impurity formed during
preparation.

Method 1--This method was adopted from a method
described by Palmer21 with only slight modification. A
10% solution of MoO, in 75 ml of 8N HCl was reduced to
Mo(III) at a mercury cathode using 1.5 to 2 amps. Reduc-
tion took 4-5 hours. The reduced solution was then dis-
charged into a solution of half the molar quantity of MoOj
in an N2 atmosphere producing a dark red chloride complex
of Mo (IV).

2Mo (III) + Mo (VI) = 3Mo(IV).

The complex was treated with 48 g of NH4CNS, 30 ml pyridine,

and 7.5 M NH3 to form a red oil whose probable formula is
pyzHZMo(NCS)G. The oil was solidified by cooling. .The solid was
added to a solution of 50 g of KCN dissolved in 65 ml of

hot water. Pyridine was removed by bubbling with steam.

The product was isolated as the sparingly soluble

CdZMo(CN)8-2H20 and crystallized by addition of ethanol.
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The yield after recrystallization was 5.0 g

Method 2--This method is similar to the above method
except that MoCl4, obtained from Research Organic/Inorganic
Chemical Corp., was used rather than the feduced solution.

Method 3--In the third method, adopted from Schles-
singerzz, 250 ml of a concentrated HCl sclution was added
dropwise to 50 g of MoO3 dissolved in 150 ml of a 30% KOH
solution until a cream-colored suspension of H2M004 was
produced. The suspension was heated with 150 g KCNS pro-
ducing the blood red MoOZ(SNC)2 which was then heated with
pyridine to produce MoOZ(SNC)2—2py. When the pyridine com-
plex was heated with 200 g KCN and then cooled, the crude
cyanide complex was formed. The product was purified first
with activated charcoal and then by repeated water-ethanol
recrystallizations. The yield was 23 g.

K MoOZ(CN)4: Potassium transoxytetracyanomolybate

4
(IV) was prepared by irradiation of a solution of K4Mo(CN)8

using a medium-pressure mercury lamp until the solution
turned dark blue. Solid KOH pellets were added and the
solution was cooled until red crystals of the salt pre-
cipitated.lgThese crystals were filtered. Purification was
achieved by redissolving them in water and then recrystal-

lizing them with KOH.
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@
Photovoltalic Effect

The photovoltaic cell. The photovoltaic cell used

in these experiments was similar to the one used by Navid%.
The half-cells were six-inch long pyrex tubes 2-mm thick.
The tubes were connected by a glass fritted disk halfway
up the tube. Each half-cell contained a thin pyrex tube
leading to the bottom used to bubble nitrogen through the
solutions during irradiation. Conditioned platinum wires
were used as electrodes in each half-cell. Conditioning
was dccomplished by electrolyzing each wire in a concen-
trated nitric acid solution prior to use. The electrodes
were held in place by pushing them through the midpoint of
a stopper. The stoppers were then placed at the top of
each half-cell in such a manner that the electrodes were
in the center of the cell and at the point where light
would hit the cell. They were then externally connected
through a Digillin 100 megaohm digital millivoltmeter
(Figure 2).

Optical system. Irradiation was performed using an

Hanovia 150-watt Xe lamp powered by a Solar power supply.
The light was passed through two pyrex lenses, an ir filter,
and a circular slit forming a collimated light beam the
width of one half-cell. The other half-cell was covered

with aluminum foil.

Method of determination. Before irradiation was
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initiatedr,nitrogen was bubbled through hoth solutions for
at least 15 minutes to equilibrate and deaerate the solu-
tions. Equilibration was achieved when the millivoltmeter
indicated zero potential between the half-cells for at
least 5 minutes. During this same period the lamp was
turned on, but was shuttered to prevent the light from
hitting the cell. 1Irradiation was initiated by simul-
taneous removal of the shutter and switching on of a timer
capable of reading #0.05 minutes. Voltage readings were
initially taken every tenth minute until the potential
change decreased enough for readings to be taken at shorter

intervals.

The concentration of K4M0(CN)8-2H20 solution was

3 ,
M and the solution was buffered at pH 9.0 by addi-

2.0 x 10~
tion of 100 mg borax. Solutions were made and stored in the
dark.

Polarographic Studies

Polarographic and photochemical cell. Polarograms

were taken on a three-electrode Beckman Electroscan 30. The
reference electrode was platinum, the standard electrode a
calomel electrode, and the working electrode a dropping
mercury electrode with a mercury height of 50 cm and a drop
time of four seconds. Irradiation and polarograms were
conducted simultaneously in a cylindrical cell with an
outer water jacket which served the dual role of ir filter

and constant temperature bath. The temperature was kept at
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25° for all runs. A dual purpose bubbler was used ini-
tially to deaerate the solution and then to keep a blanket
of nitrogen over the solution. A filled neoprene cover was
used to keep a closed system and to hold the electrodes and
bubbler in position (Fig. 3). The entire cell was black-
ened excepted for a one-inch circular window which allowed
the passage of light to the solution. The mercury electrode
was placed in front of this window during irradiation.

Method of determination. For each run fresh solu~-

tions were prepared in the cell. They contained 20 g
K4Mo(CN)8-2H20} 100 g Borax buffer, 20 mlof 2M KClO4 or

20 ml1 1M KCl, 5 ml Triton X~-100 and 50 ml glass dis-

tilled water. Solutions were bubbled with nitrogen for

20 minutes prior to irradiation. To insure that the solu-
tion was oxygen free, a polarogram from zero to minus 1.9
volt was' done. During this time bubbling was stopped but a
flow of nitrogen was kept through the cell. The absence of
the dual oxygen waves at -0.1l volt and -0.9 volts indicated
that aeration was complete.

Measurements during irradiation were performed in
one of two ways. The solutions were either bubbled or not
bubbled with nitrogen. If nitrogen was not bubbled through
the solution, measurements were made during the total span
of irradiation. If bubbling was used, measurements could

only be made at set intervals during which bubbling was
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terminated. Under both conditions the current was measured
either by scanning over a potential range between 0 and

-1.8 volts or by sitting on a set potential and following

the current change with time.
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CHAPTER III

RESULTS

Photovoltaic Effect

A potential was instantaneously produced when irra-
diation was initiated with the irradiated half-cell as the
negative electrode. The potential change was rapid ini-
tially, began to decrease when the solution turned red, and
became zero when the solution was green. The potential
then stayed constant even after several hours of irradia-
tion (Figure 4). During the initial period of irradiation
the pofential change was reversible. Termination of illu-
mination caused the potential to approach zero. Initiation
again produced a rapid potential change. At no time was
there a change in the solution in the dark half-cell.

Results were qualitatively but not quantitatively
reproducible. Irradiation of two solutions of exactly the
same concentration produced similar qualitative results
except that the rate of change of potential and final
potential were different. Figure 5 shows the voltage
change for two molybdate solutions of exactly the same
concentration. Although the shape of both curves and that
of I (Figure 4) are similar, they all differ in the initial

rate of rise and in the voltage reached in the plateau.
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Fig. 5.--Potential change for solutions of equal
concentration.
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The potential growth curve cannot be described by a
logarithmic relationship but can be dissected into two
logarithmic growth curves. One of these corresponds to the
slow growth portion of the curve, the second to the rapid
growth portion. To accomplish this separation a plot is
first made of the log of the voltage versus time. The
linear portion of this curve is extrapolated to zero. The
log of the difference between the extrapolated line and the
experimental line is then plotted against time. Figure 6
shows the extrapolated line and Figure 7, the difference
lihe for curve I. The slopes of the lines from curves I,
II, and III are given in Table 2.

The phenomenon described above cannot be explained
by means of a photoejection of an electron. Under the con-
ditions of the experiment the only reaction that would
occur would be the photohydrolysis of the complex. A pos-
sible explanation for the potential is that products or
intermediates are formed whose redox potentials differ

from the starting material. Therefore, the reaction was

studied polarographically.

Polarographic Study

Initial results. The solution of K4Mo(CN)8 showed

no ancdic or cathodic waves between 0 and ~-1.8 volts before
irradiation. During the course of irradiation, four waves

were formed. Three of these were anodic and one cathodic
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TABLE 2

SLOPES OF LOGARITHMIC POTENTIAL

GROWTH CURVES

Difference Curve Slow Growth

Cuxve

gurve

.43

.44

II

.65

IIT
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(Figure 8). The half wave potentials, E1/2’ for waves C
and D were -1.1 and -1.6 volts, respectively. However,

B values for the cathodic wave and the first anodic wave,

1/2
A and B, could not be determined since they represent the
sum of an anodic and cathodic current. In effect, both an
oxidation and a reduction occur simultaneously at the
mercury electrode. Figure 9a shows what the two waves
might look like if each were present alone. Figure 9%b
shows the change to the wave shape when both are present.

To insure that these waves were due to the photo-
chemical reaction of the molybdate and not to a photo-
chemical reaction of the molybdate with either the sup-
porting electrolyte or mercury, several tests were
performed.

(1) Irradiation of the supporting electrolyte alone
and with added KCN showed that no polarographic waves were
present other than the CN~ wave.

(2) wave formation was seen in solutions of molyb-
date in two different supporting slectrolytes, KCl and
KClO3.

(3) The four waves were still present when the solu-
tion without supporting electrolyte was irradiated outside
the cell and then added to the supporting electrolyte.
When irradiation continued for a long period only

waves A and D continued to increase in size while C and B
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eventually disappeared. A had previously been identified
as arising from the reaction of free cyanide with the mer-

cury electrode

Hg + 2CN =+ Hg (CN), + 2e .

D was identified as the final product of the irradiation,
Mooz(CN)z4, by matching half-wave potential and wave

shapes in the two electrolytes.

Kinetic studies. Rate studies were made on waves

A, B, and C to determine whether any kinetic relationship
could be found between them. Scans were made from +0.5
volt to -1.5 volts at a rate of 100 seconds per scan. Wave
height for B was determined by the current at ~0.5 volt. The
‘wave height for C was determined by the difference in cur-
rent between -0.5 volts and -1.5 volts. Wave height for A
was measured at +0.1 volt. During the total period of
irradiation there was no nitrogen bubbling.

To allow for a slow growth of the intermediates, the
low~intensity Xenon lamp.was used. No attempt ‘was made to
make a quantitative judgment of rate; however, the growth
curves for A, B, and C seem to be linear with time for the
first 1000 seconds, indicating apparent zero-order kinetics.
The rate of growth for C was slightly greater than that for
B, while the growth of the cyanide wave, A, seems to be

equal to the sum of the wave heights of B and C (Figure 10).
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If irradiation is terminated during the initial
period of irradiation all three waves begin to decrease in
size. This decay pattern is shown in Figure 11 for waves
B and C. A linear relationship for this decay can be found
if the reciprocal of the wave height is plotted versus
time (Figure 12). This would indicate that an apparent
second-order process is occurring for these two inter-
mediates.

When the medium~pressure mercury lamp was used, the
rate of reaction was considerably faster and both the for-
mation and decay of the intermediates could be followed.
Figure 13 shows the polarogram versus time for wave B.
Figure 14 shows the pattern for waves B and C. A linear
relationship can be found if a mechanism involving a
second~-order rate process is considered. Figure 15 is a
plot of log B/C versus time. This apparent second-order

relationship exists until B is completely reacted.
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CHAPTER IV
DISCUSSION

Under the conditions that the photovoltaic effect
was measured there can be no possibility that the vol-
tage arises from photoejection of an electron from
Mo(CN)g-. There is, therefore, no primary change in the
oxidation state of the molybdenum and other possible causes
for the voltage must be found. Two factors in this system
might be responsible for the voltage. The first of these
is the decrease in the octacyanomolybdate concentration due
to reaction. The effect of this would be similar to that
of a concentration cell. The second is the differing oxi-
dation potentials of possible intermediates or products of
the reaction. "This possibility is further strengthened by
the results of the polarographic study. Both factors could
be operating simultaneously and could in fact explain why
the voltage versus time curve (Fig. 4) can be broken into
two separate logarithmic relationships (Fig. 6 & 7).

The kinetic study indicates that the cyanide ion and
intermediates B and C are formed in the primary step of the
reaction%s'%gnce the cyanide concentration is equal to the
sum of the concentrations of B and C at any time, the for-

mation of both must involve the loss of cyanide. Two of
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the possible mechanisms are the following. The first is a

one~photon process shown in equation 1.

(1) Mo(CN)g— "+"'B + C + CN_

The second is two . one-photon processes involving simul-

taneous formation of B and C and is shown in equations

2 and 3.

(2) Mo(CN)g" hy 5 + on”

(3) Mo(CN)g" ey on™

The distinction between these two mechanisms is due
to differences in photophysical rather than photochemical
processes. Figure l6a shows the possible steps involved in
mechanism 1. Light is absorbed by the molecule, exciting
it to a high-energy state X. From this state a competition
exists between reaction and radiationless decay to a lower
state Y. A similar competition occurs from this state for
either reaction or decay to the ground state. The products
formed from states X and Y may be different. In Figure 1l6b,
the second mechanism is shown. In this process, two photons
of different energy are absorbed, one exciting the molecule
to state X and the other to state Y, where two different
reactions can occur.

The kinetic plot for the dark reaction seems to show

that both B and C decay by a bimolecular mechanism. This
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is in contradiction to previous evidence which indicated
that the dark reaction is the reverse of the initial photo-
chemical reaction and involves the reaction of cyanide ion
with the substrateﬂls’ls'ls. This contradiction can be
more readily explained as an anomaly produced by the data
rather than a new mechanism for decay. Further experimen-
tation would be necessary to determine the kinetic rela-
tionship between the cyanide and the other substrates.

The second photochemical reaction occurs between the
two intermediates, B and C. The kinetic plot shows the
reaction to be bimolecular but a question still exists as
to whether the product of this reaction is the final prod-

uct of the reaction, equation 4, another intermediate,

equation 5, or a possible side product, equation 6.

(4) B+ C~+D
(5) B + C =+ intermediate - D

(6) B + C -+ gide product

Previous studies on the octacyanomolybdate (IV) ion
have indicated that the pathway from the intermediate to
the final product is not known but that it may involve the
absorption of at least one more photon of 1ight203 In all
of these studies, the formation of only one of the pos-
sible intermediate, Mo(CN);-, has been seen;ml It is pos-

sible, however, that two intermediates are formed of such
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similar properties that they could not be distinguished by
normal absorption techniques. This may be the case with
two isomers of Mo(CN)?T One isomer would be formed from
the loss of a cyanide from a relatively stable position and
the other from a less stable position. This would explain
the reaction from two different excited states of the
molecule, one higher in energy than the other.

Once these two isomers are formed it is possible for
one or both to absorb a second photon. Three possible
pathways for the excited molecule are shown in equations

7 through 9.

(7) MO(CN).;— b_v; ~~~v# MoO,, (CN)z-

(8) 2 Mol(cN)3"~ ﬂ Mo (CN) 2™ + Mo(cN) 4~
7 6 8

l

. 4-
MOO2 (CN) 4

(9) 2Mo(cN)3” v, (Mo (CN) ) 5™
Equation 7 shows a monomolecular loss of another cyanide
leading eventually to the final product. Equation 8
involves transfer of a cyanide and equation 9 involves the
formation of a polymeric final product.

In conclusion, it should be emphasized that the

polarographic study of a photochemical reaction exhibits
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certain strengths and weaknesses. 1Its basic strength is
its ability to distinguish intermediates in a reaction
which might otherwise not be observed. Its basic weakness

is its inability to follow fast reaction kinetics.
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